We investigate different scenarios for the origin of the extragalactic radio background. The surface brightness of the background, as reported by the ARCADE 2 collaboration, is several times higher than that which would result from currently observed radio sources. We consider contributions to the background from diffuse synchrotron emission from clusters and the intergalactic medium, previously unrecognized flux from low surface brightness regions of radio sources, and faint point sources below the flux limit of existing surveys. By examining radio source counts available in the literature, we conclude that most of the radio background is produced by radio point sources that dominate at sub µJy fluxes. We show that a truly diffuse background produced by electrons far from galaxes is ruled out because such energetic electrons would overproduce the obserevd X-ray/γ-ray background through inverse Compton scattering of the other photon fields. Unrecognized flux from low surface brightness regions of extended radio sources, or moderate flux sources missed entirely by radio source count surveys, cannot explain the bulk of the observed background, but may contribute as much as 10 per cent. We consider both radio supernovae and radio quiet quasars as candidate sources for the background, and show that both fail to produce it at the observed level because of insufficient number of objects and total flux, although radio quiet quasars contribute at the level of at least a few percent. We conclude that if the radio background is at the level reported, a majority of the total surface brightness would have to be produced by ordinary starforming galaxies above redshift 1 characterized by an evolving radio far-infrared correlation, which changes toward the radio loud with redshift.
a brightness temperature of 1.17 K at 1 GHz, corresponding to a cosmic radio background (CRB) intensity of 7 × 10 −22
W Hz
−1 m −2 sr −1 = 3.6 × 10 4 Jy/sr. A significant contribution to the background from free-free emission has been ruled out based on the spectral shape (Seiffert et al. 2010) .
It is unlikely that the radio signal reported by the AR-CADE 2 collaboration is Galactic or local in origin. As discussed in Kogut et al. (2010) , the extragalactic component is separated from the diffuse Galactic foreground by two independent robust indicators, a correlation of radio with CII emission and a cosecant dependence on Galactic latitude. The inferred residual extragalactic component is several times brighter than the high latitude Galactic level.
Comparisons with observed edge-on galaxies indicate that our Galaxy would be quite anomolous to support a radio emitting halo of the intensity needed to explain the signal 1 . Additionally, assuming a diffuse Galactic origin for the measured radio signal would require a source of radio emission that does not follow the correlation with far-infrared emission observed in local galaxies, again making our Galaxy anomalous. Isotropic radio emission from a local region on the scale of the local bubble accounting for the level observed would manifest an all-sky quadrupole polarization pattern at a level visible in WMAP 23 GHz data, but such a pattern is not seen. These lines of evidence are summarized in Kogut et al. (2010) . Furthermore, the considerations of §3 in this paper can be used to place a strong constraint on the amount of the total observed high latitude radio emission that can Galactic in origin, as in the halo inverse compton scattering on the ambient light would produce a much stronger X-ray background than observed, again strongly disfavoring a Galactic origin as an explaination for the signal. In this paper, then, we investigate possible origins for the radio background, assuming the extragalactic level is that reported by the ARCADE 2 collaboration, although we conclude that producing the background at the level observed is difficult without a mechanism to cause significant redshift evolution in the radio to far infrared correlation beyond what has been observed thus far.
Interferometric surveys have achieved a relatively consistent picture of radio source counts above the 10µJy level. At high fluxes, say between 1 mJy and 1 Jy at 1.4 GHz, radio loud active galactic nuclei (AGN) dominate radio source counts (e.g., Condon 2007; Windhorst et al. 1993) , with their differential counts following a power law dN/dS ∝ S −γ with γ < 2.5 (the so-called Euclidean value). Below 1 mJy, this trend tends to reverse and the source counts show a more rapid increase with decreasing flux, perhaps indicating emergence of a new population which does not contribute at higher fluxes but dominates in this regime (e.g., Condon 2007; Simpson et al. 2006; Hopkins et al. 2003) . Gervasi et al. (2008) have calculated the radio brightness resulting from fitting a two population model and extrapolating available radio source counts to fainter fluxes at frequencies from 150 MHz to 8.5 GHz. They derive a surface brightness that is 3 to 6 times smaller than that reported by the ARCADE 2 collaboration. Clearly there must be significant contributions to the radio background from sources not considered by Gervasi et al. (2008) .
ARCADE 2 and other instruments used to determine the diffuse background intensity have resolutions greater than 1 degree, and cannot distinguish between a background due to discrete sources of angular sizes smaller than one degree, and ones that are truly diffuse. Therefore, we consider several candidates for comprising the background.
The emission mechanism of sources producing the CRB must be synchrotron radiation by relativistic electrons. This puts powerful constraints on potential sources. They must not overproduce the measured diffuse far-infrared background if related to star forming activity, nor overproduce 1 One may add here that this is true even taking into account presence of 'anomalous large-scale radio continuum features' present in some edge-on spirals (Hummel, van Gorkom, & Kotanyi 1983; Elmouttie et al. 1995) .
the measured diffuse X-ray/γ-ray background through inverse compton (IC) scattering of the cosmic microwave background (CMB) and other background photon fields by the same electrons. Additionally, the source spectra must be consistent with the CRB power-law spectrum of index 0.6, mentioned above.
In this paper, we investigate several kinds of possible candidates. In § 2 we analyze the existing data from radio source counts, and using some approximate fitting procedures estimate the contribution from sources observed in numerous surveys. In § 3 we use the X-ray/γ-ray background to limit the contribution from more diffuse emission, clusters, and the intergalactic medium, and in § 4 we examine whether source count surveys have missed a significant amount of flux. In § 5.1 and § 5.2 we explore the potential contribution from radio supernovae and radio quiet quasars, and finally, in § 5.3 we conclude that emission from star forming galaxies may account for bulk of the measured radio background, but only if the radio/far-infrared luminosity ratio increases with redshift. A brief summary and discussion is presented in § 6. Figure 1 shows a schematic but fairly accurate depiction of radio source counts available in the literature (see Table 1 ). In the top panel of the figure, we plot the S 2.5 dN/dS distributions given in different radio surveys (note that the differential count is per steradian per unit flux). The observations were conducted at a range of frequencies (0.151 − 8.5 GHz). We have converted all fluxes to 1.4 GHz assuming a general power-law spectrum with an average (redshift independent) spectral index equal to 0.75, the canonical value of the extragalactic radio sources. Note that even though the surveys considered have a wide range of angular resolution (spanning from 1 to 300 arcseconds) there is not only a clear agreement among the counts at S > 1 mJy, but also in regards to the presence of the -relatively poorly constrained -low-flux population emerging at S < 1 mJy.
RADIO SOURCE COUNTS
In the bottom panel of Figure 1 we plot a proxy for 1.4 GHz total surface brightness due to radio sources, S 2 (dN/dS), divided by the observed CRB brightness as reported by the ARCADE collaboration in Fixsen et al. (2010) , i.e.
where
The true surface brightness
for a power law dN/dS ≡ S −γ , is equal to the area under the S 2 (dN/dS) curve, and thus the bottom pannel of Figure 1 provides directly a minimum fractional contribution to the CRB from the resolved objects. We estimate this fraction to be ≃ 26 per cent. We note that the high-flux population is dominated by bright radio-loud AGN, while the low-flux Figure 1 . TOP: Scheamatic description of the observed S 2.5 dN/dS distribution from different radio surveys. Source counts from 8.4 GHz surveys are in dark blue, 2.7 GHz in light blue, 5 GHz in yellow, 1.4 GHz in green, 610 MHz in pink, 408 MHz in red, and 151 MHz in black. Details of the radio surveys used with references are given in Table 1 . Data from all frequencies is normalized to flux bins at 1.4 GHz using a 0.75 spectral index. BOTTOM: The S 2 dN/dS distribution representing the surface brightness per logarithmic flux bin of the same surveys, divided by the surface brightness of CRB at 1.4 GHz reported by the AR-CADE collaboration. The source counts tell roughly a consistent story over a wide range of frequencies and resolutions. The peak icontribution at ∼ 100 mJy comes from bright radio galaxies. The contribution decreases with decreasing flux density, but begins to rise again below ∼ 1 mJy as a new population of sources becomes important. Integrating over the entire flux range probed by these surveys gives ∼ 26 per cent of the total surface brightness of the CRB at 1.4 GHz.
one is generally thought to be dominated by starforming galaxies (see Ballantyne 2009 , and references therein), with an additional possible contribution from radio-quiet and low-radio power AGN (e.g. Ibar et al. 2009; Padovani et al. 2009 ). Surveys probing fluxes as low as a few µJy are consistent with the two population model (e.g., Fomalont et al. 2002; Biggs & Ivison 2006) .
High-Flux Population
The integrated (fractional) contribution of the high flux population (S > S0 ≃ 1 mJy) to the measured cosmic radio background, S 0 dS S (dN/dS)/BCRB , is about ≃ 16 per cent at 1.4 GHz, and the corresponding surface number density N (> S0) = S 0 dS (dN/dS) ≃ 4.7 × 10 5 sr −1 . One could ask if a significant portion of the flux from the high flux population has been missed by radio surveys. If this were the case, then the contribution of the high flux population to the measured background would have been underestimated. One possible source of the missing flux could be extended low surface brightness sources. However, as mentioned above, the surveys included in Figure 1 , in spite of the fact that they span a wide range of resolutions and are obtained from different interferometer arrays, show very good agreement on the integrated contribution to the background. We will return to the contribution of low surface brightness sources and quantify the possible missed flux further in § 4.
Low-Flux Population
Unlike the high-flux population, the total contribution of the low-flux population is not fixed by existing surveys, since these do not constrain the low flux peak on the S 2 (dN/dS)− S plot. Even though at low fluxes (S < S0) source counts indicate a power-law distribution dN/dS ∝ S −γ , the measured faint end index γ varies substantially between different surveys, ranging from γ = 2.11 claimed by Fomalont et al. (2002) and γ = 2.61 claimed by Owen & Morrison (2008) . The value of γ = 2.5 is what would be seen in a static, isotropic and homogeneous Euclidean universe. In extrapolating to lower fluxes, as long as the faint end index is above 2, the integrated contribution from lower flux sources to the background will continue to increase. Obviously, at some eventual lower flux, the faint end index must drop below 2, to avoid Olbers' paradox.
Assuming
one can calculate the required value of Smin as a function of γ such that the sources in this range provide the rest of the CBR. It is easy to show that for γ > 2
where the factor H is the estimated fractional contribution from sources above S0 ≃ 1 mJy, which we determine to be 0.16. The top panel of Figure 2 shows the variation of Smin with γ at ν = 1.4 GHz. We can also estimate the corresponding minimum number of required sources to be
whose dependence on γ is shown on the bottom panel of Figure 2 . Thus, if the background is to be made primarily from low flux sources, their faint end index below 1 mJy should be close to γ = 2.5 in order to not exceed reasonable estimates for the total number of non-dwarf galaxies in the obervable Universe. In other words, in order for low flux density sources to account for the observed CRB, they must reach low flux values of less than 1 µJy and have a surface density of ( 10 10 sr −1 ), but not much higher than this value.
A modeling of the dN/dS distribution of the low-flux GHz required so that the extrapolated source counts from S 0 ≃ 1 mJy, with a faint end index γ, can account for observed CRB as reported by the ARCADE 2 collaboration, including a 16 per cent (solid lines) or 25 per cent (dashed line; see § 4) contribution to the background from S S 0 sources. The upper and lower solid curves are for the two extreme values of the 1 mJy normalizations n 0 of the surveys we consider. For γ ∼ 2.5 an extrapolation to S min ∼ 0.1µJy is needed, while the needed lower flux density falls rapidly with decreasing faint end index. BOTTOM: Same as the top panel, but for the minimum number of sources below S 0 needed to produce the observed CRB.
(< mJy) population in terms of a single power law, although customary, is more than likely an over-simplification. A more realistic description would involve a smoothly curved function with the integrated contribution per log flux bin ( Figure  1 , lower panel) peaking around Smin and then falling off, but including some contribution from objects with fluxes lower than Smin. The large population of dwarf galaxies may be the sources that increasingly become relevant at fluxes below Smin.
DIFFUSE SOURCES
In this section we consider the possibility that the CRB results from truly diffuse emission associated with the large scale structure of the Universe, such as the intracluster medium (ICM), intergalactic medium (IGM), or the filaments connecting the clusters containing warm-hot gas. First we consider very general constraints, and then look at specific possibilities.
General constraints on diffuse emission
The simplest constraint on any population of electrons producing the CRB is that it must have a relatively flat energy spectrum, in order to produce the observed spectral index of α ∼ 0.6. Less obviously, we show below that it must be associated with a magnetic field of at least 1 µG. This is because otherwise the magnetic field energy density in such systems is much less than the energy density of the cosmic microwave background (CMB) and other background radiations. As a result, the relativistic electrons responsible for the radio emission would lose most of their energy producing hard X-ray and gamma radiation via inverse Compton scattering of the other background fields. We now derive this limit more carefully. Given the observed power law spectrum, the energy density of the radio background per frequency dex at νr is given by
where ν⋆ = 1 GHz. We are considering the background spanning frequencies from ν1 ∼1 MHz to ν2 ∼10 GHz. For a density of ultrarelativistic electrons with a powerlaw energy spectrum ne(γe) = ke γ −s e for γe 1 γe γe 2 ,
where ke is a normalization constant in units of cm −3 , and γe 1 and γe 2 correspond here to the Lorentz factors of the electrons producing radiation primarily around ν1 and ν2, respectively, the synchrotron emissivity may be approximated as (see e.g. Rybicki & Lightman 1979) [νrjν r ] ≃ cσT UB 6π ke νr νcr
where UB ≡ B 2 /8π is the energy density of the magnetic field, and νcr ≡ (3eB/4πmc) γ 2 e ≃ 4.2 (B/µG) γ 2 e Hz is the critical (radio) synchrotron frequency for a given γe.
For production of the observed radio background we need s = 2.2, γe 1 = 5 × 10 2 (B/µG) −1/2 , and γe 2 = 5 × 10 4 (B/µG) −1/2 , with the value of ke being determined from the following relation between the emissivity and the observed energy density.
We relate the (radio) synchrotron energy density to the emissivity with
whereνr = νr (1 + z), H0 = 70 km −1 Mpc −1 is the Hubble constant, and Fsyn(z) describes the evolution of the product UB × ke. Here E(z) ≡ ΩM (1 + z) 3 + ΩΛ for the assumed flat cosmology, and the comoving volume element is
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Similarly, we can get the inverse Compton (IC) emissivity resulting from the same population of electrons as (Blumenthal & Gould 1970) , where n(ν0)
is the total spectral number density of the extragalactic background photon field (including radio, CMB, infrared, optical/UV, X-ray, etc),
The IC emissivity can be related to the IC energy density by an equation similar to equation 10 with Fsyn(z) replaced by Fic(z) which now describes the evolution of the product n(ν0) × ke. Ignoring the differences between these two evolutions (i.e. assuming that the ratio of the integrals over redshift involving Fsyn(z) and Fic(z) is of order unity) and by eliminating ke we can express the IC energy density in terms of the synchrotron energy density as
with νmax = min[ν2, ν, mec 2 /4hγe] and νmin = max[ν1, ν/4γ 2 e ]. We note that because the IC emissivity is dominated by upscattering of the CMB photon field, for which the energy density increases with redshift, the presented evaluation of [νicUν ic ] with the cosmological evolution neglected corresponds strictly to a lower limit. Figure 3 shows the energy density of the observed extragalactic background light (thick curve), and the expected IC energy density resulting from upscattering of these background photons by electrons producing the radio background as given by equation 14, for different magnetic fields B = 0.001, 0.01, 0.1, and 1 µG (dotted, dashed, dot-dashed, and solid curves, respectively). Spectral energy densities of the IR/optical, X-ray, and γ-ray cosmic photon fields were constructed to be in agreement with the background levels provided by Franceschini et al. (2008) , Gilli et al. (2007) , and Sreekumar et al. (1998) , respectively. Clearly any magnetic field weaker than 1µG would result in X-ray/γ-ray emission exceeding the observed background, and regions with such magnetic fields may be excluded as significant sources of the CRB.
Importantly, this consideration excludes our own Galactic halo as the origin of the bulk of the isotropic radio signal. Taylor, Stil, & Sunstrum. (2009) use rotation measure measurements of 37,000 polarized extragalactic radio sources to determine the intensity of the magnetic field in the Galactic halo, concluding with a value of approximately 1µG. In our . The thick black curve shows the measured energy density of the radio, microwave, infrared, optical, ultraviolet, X-ray, and γ-ray extragalactic backgrounds. The other curves show the energy density produced by inverse Compton scattering of the photon backgrounds by electrons necessary to produce the radio background reported by the ARCADE 2 collaboration via synchrotron emission. The dotted, dashed, dot-dashed and solid curves are for a 1 nG, 10 nG, l00 nG, and 1 µG level average magnetic field. Because the intergalactic magnetic field is known to be 1µG, the observed level of the X-ray background rules out a significant portion of the radio background being produced by electrons far from galaxies. Spectral energy densities of the IR/optical, X-ray, and γ-ray cosmic photon fields were constructed to be in agreement with the background levels provided by Franceschini et al. (2008) , Gilli et al. (2007) , and Sreekumar et al. (1998) , respectively.
Galactic halo, the level of the ambient optical and infrared photon fields will be even higher than that considered in the calculation here, by an amount depending on the distance from the Galactic plane, predicting an X-ray background many times larger than that observed. There are Galactic and solar system components to the observed diffuse X-ray background, but these are significant only below 1 keV (Hickox & Markevitch 2006) . The observed level of the X-ray background therefore strongly disfavours a Galactic origin for the observed isotropic radio signal.
Diffuse emission from the IGM
The CRB could in principle result from a population of relativistic electrons pervading the IGM as as a whole, perhaps resulting from many generations of AGN. Large scale radio sources can easily expand to sizes of many Mpc on gigayear timescales, and so overlap. Almost certainly, however, adiabatic expansion losses would result in a very low energy density, and synchrotron losses would lead to a steep energy spectrum. Furthermore a variety of arguments suggest that the magnetic field in the IGM is likely to be very weak, B 0.2 µG (see Vallée (2004) and references therein). Diffuse emission from the IGM therefore seems unlikely to be the solution.
Diffuse emission from clusters
There is evidence for diffuse radio emission in some but not all clusters of galaxies (e.g. ).
Ever since discovery of this emission from the Coma cluster (Large et al. 1959) , there have been improved observations of this system (Wilson 1970; Schlickeiser et al. 1987) , as well as more extensive surveys by Giovannini & Feretti (2000) who have identified more than 40 clusters with diffuse radio emission. These are classified as halos or relics, and are often associated with dynamically disturbed (merging) clusters. The origin of the relativistic electrons is controversial. They may be injected by AGN jets (McNamara & Nulsen 2007 , and references therein) or produced as secondary pairs from ultrarelativistic cosmic-ray hadrons scattering of ICM protons. Finally, non-thermal electrons within IGM may be also picked up directly from the thermal pool and accelerated to ultrarelativistic energies by ICM shocks or turbulence ('primary' electrons; see e.g., Petrosian 2001; Brunetti & Lazarian 2006) . We note that the most recent observations of few clusters at γ-ray energies seem to exclude the 'secondary' nature of the radio halo electrons (e.g., Aleksić et al. 2010) .
The fraction of clusters with radio emission increases rapidly with increasing soft X-ray luminosity, indicating that strong diffuse radio emission is not a common property of all clusters. However, deeper radio observations, especially at low frequencies, suggest that the presence of extended, low surface-brightness radio structures in galaxy clusters is relatively common (e.g. Rudnick & Lemmerman 2009 ) but at lower flux levels. Possibly then the integrated effect of a large number of such weakly emitting clusters could be a significant contribution to the CRB. We are not able to predict the level of this integrated emission, but we can check the cluster hypothesis against our two general constraintsmagnetic field and spectral index.
There are estimates of the magnetic fields in some clusters via Faraday rotation measurements, which indicate (line-of-sight averaged) magnetic fields of 1 to 10 µG (e.g., Kim & Kronberg 1990; Taylor et al. 2002) . In particular, in Coma, Kronberg et al. (2007) measure a line-of-sight averaged intergalactic magnetic field in the range 0.2 − 0.4 µG. However, the actual magnetic field will be larger by a factor of (R/HB) 1/2 if it is tangled or chaotic on a distance scale HB) that is smaller than cluster size R. For HB ∼ 10 kpc one can get fields as high as few µG. Overall, it is quite plausible that some cluster emission passes the magnetic field test.
However, the observed radio spectra are relatively steep (index α > 1; see Liang et al. (2000) ) which does not match the index of the CRB. It therefore seems that diffuse ICM/IGM emission, while possibly widespread, is not a dominant contributor to the cosmic radio background.
MISSING LOW-SURFACE BRIGHTNESS EMISSION
It is possible that the calculated strength of the CRB based on source counts is underestimated in two ways, due to the surface brightness limits of surveys. Firstly, the fluxes of some extended objects may have been undercharacterized, if their sizes are large, or they have extended low surface brightness components. Secondly, if there is a wide range of source surface brightnesses extending to low values, there may exist sources which will not be detected. In order to discuss this issue in more detail, it is useful to consider high and low flux sources separately.
High-Flux Sources
At high fluxes, source counts are dominated by radio galaxies and radio-loud quasars that very often have large scale morphology. It is useful to distinguish the two well known Fanaroff-Riley morphological types (Fanaroff & Riley 1974) . The low-power FR Is have surface brightness profiles which fade outwards with no clear end, and therefore part of their total flux will be undetected in interferometric radio surveys. However, these outer components typically have steep spectra (e.g., Hardcastle 1999; Liang et al. 2006 Liang et al. , 2008 , which is inconsistent with being the dominant component of the CRB. Moreover, they have only a modest cosmological evolution (Willott et al. 2001; Jamrozy 2004; Rigby et al. 2008; Smolčić et al. 2009 ) and so although significant at sub-mJy fluxes (see Rigby et al. 2008; Padovani et al. 2009 ), are unlikely to be the dominant low-flux population.
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'Classical doubles' (FR IIs), on the other hand, have clearly defined boundaries of their extended radio lobes, but are expected to decrease in surface brightness as they age and grow in size (Kaiser et al. 1997 ). Such extended structures, which can reach Mpc-scale sizes, may to fall below typical survey surface brightness detection limits, especially at high redshifts. Even the cores may remain undetected, as they often have very low levels of central (AGN-like) activity (Machalski et al. 2001 (Machalski et al. , 2006 Dwarakanath & Kale 2009 ). However, the known low-surface brightness giant radio galaxies tend to have steep spectra (see Jamrozy et al. 2008; Konar et al. 2008) , which is not consistent with that of the CRB.
A new survey, the Australia Telescope Low Brightness Survey (Subrahmanyan et al. 2010 (Subrahmanyan et al. , 2009 ) has addressed the question of the number of potentially missed low-surface brightness radio galaxies or their extended components, using an 8.4 deg 2 survey down to mJy fluxes, with a surface brightness threshold a factor of 5 lower than previous comparable surveys. Subrahmanyan et al. (2010) state that 30 per cent of their sources have at least half of their flux between 5 arcsec and 30 arcsec, and that 10 per cent of their sources have a size at least 1.5 times their beamsize of 50 arcsec, indicating that there is a significant, but not dominant, component of extended flux. This survey discovered a few new giant radio galaxies. The authors have not yet published source counts, but their initial analysis finds 500 sources in 8.4 deg 2 to a completeness limit of 1 mJy at 1.4 GHz, corresponding to an integrated source density of 1.95 × 10 5 sr −1 . This is not very different from our estimate based on other surveys discussed in § 2.1, suggesting that any missing population of high flux but low surface brightness sources is not large enough to explain the CRB.
In summary, while there are indications that some high flux density, low surface brightness sources may have been missed in earlier source count surveys, it seems unlikely that this is a very large effect; at most a 50 per cent correction, which can increase the maximum integrated contribution of the high flux population to the CRB to ∼ 25 per cent.
Low-Flux Sources
Below 1 mJy, optical spectra of identified sources indicate that source counts become dominated by star forming galaxies (e.g., Benn et al. 1993 ) and the characteristic radio source size changes from ∼ 10 arcsec to ∼ 2 arcsec (Coleman & Condon 1985) , consistent with a change in population from double-lobed, elliptical-hosted radio galaxies to starforming 'regular' spiral galaxies and Seyferts. Sizes of a few arcsecond are large enough that measured peak fluxes will often be an underestimate of total flux, but not by a large factor. The usual procedure is to apply a statistical correction to the fluxes, assuming a given source size distribution according to the formula of Windhorst et al. (1990) .
For example, Hopkins et al. (2003) , with a beam size of 6 arcsec, apply the Windhorst et al. (1990) formula for the angular flux distibution to estimate a correction factor of f ∼ 1.3 for an assumed median source size of 2 arcsec. A median size of 4 arcsec (considerably bigger than expected for spiral galaxies at the redshift z = 1) would instead require f ∼ 1.7. This effect is therefore unlikely to be very large for the star forming galaxy population.
One could imagine a population of large and low surface brightness radio-emitting galaxies whose fluxes are badly underestimated. Then for median source sizes of 10 and 50 arcsec, the correction factors would be f ∼ 2.5 and f ∼ 5.9, respectively, the later being nearly sufficient to explain the observed CRB. However, a completely missing population at S ∼ 0.1 mJy seems unlikely. In compiling the source counts shown in Figure 1 , we examined normalization against survey resolution, and found no significant consistent effect. There is also some clear evidence in a specific field. With a beam size of 6 arcsec, Coleman & Condon (1985) surveyed a VLA field to µJy levels which had previously been surveyed at the same frequency with a beam size of 19 arcsec by Condon & Mitchell (1984) . Of 159 sources found in the first (large beam) survey, only 8 were not seen in the later (small beam) survey.
Summarizing the situation for low flux sources, it seems unlikely that significant extended flux has been missed (i.e. not already corrected for).
POINT SOURCES
The above results indicate that a class of radio sources not previously considered is needed to produce the bulk of the radio background. In particular, the background cannot be formed from diffuse emission or relatively few high luminosity sources, but rather many lower luminosity sources. As discussed in § 2.2, these sources should be numerous to enough dominate source counts from below the ∼ 10 µJy limit of current radio surveys down to the ∼ 10 −2 µJy level. In addition, the sources should have high magnetic fields, B > 1 µG, and should be produced by a relatively flatspectrum of relativistic electrons. In this section we consider some possible candidates.
Radio Supernovae
Radio supernovae (RSNe)produce significant radio flux and could be a contributor to the background. RSNe associated with Type II supernovae have a mean spectral index roughly comparable to the observed CRB (Weiler et al. 1986 ). Colina et al. (2001) discovered a RSN in a radio monitoring campaign of the galaxy NGC 7469 with a 8.4 GHz luminosity of ≃ 1.1×10
21 W Hz −1 , which is more than a thousand times more luminous than Cassiopeia A, the brightest radio supernova remnant in the Milky Way, and which would correspond to flux densities in the range µJy < S < mJy between z = 0.1 and z = 2. This object would not have been found in conventional optical searches.
Are RSNe of this luminosity numerous enough to account for the background? As discussed in Weiler et al. (2004) significant radio emission is only seen in core collapse supernovae, and approximately 10 per cent of core collapse supernovae exhibit radio loudness. Madau et al. (1998) estimate the number of core collapse supernovae integrating across all redshifts to be 3 arcmin −2 yr −1 . Mannucci et al. (2007) update this with the number of supernovae obscured optically by starbursts, limiting the correction to a factor of two at most, giving 1 × 10 9 yr −1 core collapse supernovae over the whole sky. With the period of radio loudness lasting on the order of a year (Weiler et al. 2004) , we have only 1 × 10 8 RSNe on the sky at any time. Noting that z = 2 is the peak era of supernova activity and assuming a mean RSNe 8.4 GHz luminosity of 1 × 10 21 W Hz −1 , this would give a contribution to the background intensity at the level of 10 Jy/sr, falling short of the observed CRB by a factor of 1000. For a broad luminosity function extending below 1 × 10 21 W Hz −1 , the contribution will be even less. Note also that a fraction of the RSNe population at this luminosity located at significantly lower redshifts would have sufficiently high flux to be included in the radio surveys considered in § 2 and Figure 1 , and therefore cannot explain the 'missing' portion of background.
A higher fraction of core collapse supernovae could be more luminous in the radio if they were exploding in denser environments. At very high redshifts, nearly all population III stars could be very massive and explode in so called pairinstability supernovae. However, the supernova rate from population III stars is estimated by Wise & Abel (2005) to be only 10 −4 arcmin −2 yr −1 , which is much less than regular core collapse supernovae.
Finally, if RSNe were significant contributors to the radio fluxes of spiral galaxies, they would be seen as compact sources in high-resolution images of nearby spiral galaxies. However, they are not. Young RSNe can sometimes be seen as individual sources, but they contribute only a tiny fraction of the total flux. We conclude that RSNe are not a significant component of the radio background.
Radio Quiet Quasars
Radio quiet (RQ) quasars, as is well known, are not radio silent, and thus could potentially account for a missing population of CRB sources. They are typically unresolved on sub arcsecond scales, with 1. Elvis et al. 1994 ). The radio emission of higher lumi-nosity RQ quasars is most often produced by mildly/nonrelativistic electrons in nuclear outflows originating in the inner parts of accretion disks, though large-scale relativistic jets are sometimes (surprisingly) detected in such systems . The expected strong magnetization of disk winds (B ≫ 1 µG) requires low Lorentz factors and low energies of radio-emitting electrons which remove the IC problem discussed in § 3. We note that the radio emission from most low-luminosity (< 10 22 W/Hz) RQ quasars may not originate in nuclear outflows, but rather from star-forming host galaxies (Kellerman et al. 1994 ), but their space density is much lower than that of comparably luminous sources in normal starforming galaxies. The observed radio continua of RQ quasars are flat, possibly in agreement with the CRB spectrum (Blundell, priv.com.) . RQ quasars are also numerous, though underrepresented in existing radio surveys due to the flux limits of the surveys. In addition, White et al. (2007) have demonstrated that stacking seemingly empty radio images of optically identified quasars which are individually below the noise level of the radio survey leads to a composite image of significant radio flux. Finally, Simpson et al. (2006) , Ibar et al. (2009) and Padovani et al. (2009) have claimed recently that radio quiet AGN constitute a significant fraction of the sub-mJy radio source population.
On the other hand, the idea that RQ quasars produce the bulk of the CRB presents several problems. From Figure 2, even with a faint end index of 2.5 below 100 µJy, the number of sources needed to make the background is perhaps only a factor of 10 lower than reasonable estimates of the total number of non-dwarf galaxies in the observable Universe, and as such is much higher than the expected number of quasars, i.e. high-accretion rate objects. Also, optical quasar number counts (e.g. Richards et al. 2006) point to a peak in the contribution to S 2 dN/dS occurring at ∼ 50 µJy in i band. Converting this to a radio flux using a radio loudness parameter (the ratio of the 1.4 GHz radio to 2500Å optical luminosity) on the order of 1 for RQ quasars, and adjusting the optical flux between i band and 2500Å according to standard spectral models, indicates the peak of S 2 dN/d log(S) at 1.4 GHz would fall near 10 µJy. Below this peak flux the faint end index would drop to a sub-Euclidean value. This turn over would occur at least one order of magnitude higher than that necessitated by Figure 2 .
Let us now estimate the expected contribution of RQ quasars to the measured CRB. Knowing the radio luminosity function (LF) of RQ quasars, ψ(LR, z), where LR ≡ [νrLν r ] is the radio luminosity at frequency νr (in what follows we will use νr = 5 GHz), their contribution to the CRB energy density can be evaluated in a manner equivalent to that of equation (10) with the emissivity replaced by the LF multiplied by L or LRψ(LR, z), namely
where α = d ln Lν r /d ln νr is the radio spectral index. We do not have direct knowledge of the radio LF but we can estimate as described below by relating it to the known optical bolometric LF of quasars ψ(L bol , z) which may evolve as a pure luminosity evolution, pure density evolution, or luminosity-dependent density evolution as constrained by Hopkins et al. (2007) . Assuming similar evolution for the radio LF, then by definition,
To evaluate the above integral we need the relation between the bolometric and radio luminosities. White et al. (2007) give a relation between the radio luminosity at 5 GHz and the absolute 2500Å magnitude MUV , which can be written as log L5 GHz/(erg s −1 Hz −1 ) ≃ 22.07 − 0.34MUV or log LR/(erg s −1 ) = 31.76 − 0.34 MUV . We convert the 2500Å magnitude to the bolometric quasar luminosity using the approximate relations L bol ≃ 3 × νUV Lν U V , mUV − MUV = 5 log[dL/pc] − 5 + K, where K stands for the K-correction factor, and mUV = −2.5 log[SUV /3500 Jy], to obtain
where the luminosities L bol , νUV LνUV , and LR are expressed in the units of erg s −1 . After integrating equation 15 over the redshift range 4 z = 0 − 6 and the radio luminosity range LR = 10 36 − 10 42 erg s −1 (corresponding to the bolometric luminosity range L ≃ 10 41 − 10 48 erg s −1 ), for the fit parameters regarding the quasar luminosity function as provided in Hopkins et al. (2007) , we find the expected contribution of RQ quasars to the extragalactic radio background at 5 GHz to be at the level of ≃ 1.4 to 1.7 per cent for pure luminosity or luminosity-dependent density evolution models. In the case of a pure density evolution model, the expected contribution rises to 4 per cent. This contribution is therefore smaller by at least a factor of 10 than needed. One has to keep in mind, however, that the presented calculations correspond strictly to the lower limits, because in constructing the radio luminosity function, we considered only type 1 quasars. However, including the population of type 2 sources, which cannot outnumber the population of unobscured quasars by a large factor, is not expected to account for the order-of-magnitude difference.
In order for emission from RQ quasars to comprise the bulk of the background, therefore, their radio loudness must evolve with redshift, and they must be significantly more numerous at redshifts between 1 and 3 than previously thought. Although Blundell (2003) has claimed that significant flux from RQ quasars may be missed by interferometric observations, we conclude that emission from RQ quasars, while significant (at the few percent level at least), does not likely explain the bulk of the missing contribution to the radio background, unless there is some as of yet undetected but significant evolution in the quasar radio luminosity function.
Starforming Galaxies
Given the large ( 10 10 sr −1 ) number of sources needed to produce the CRB, the constraints on extended and nongalactic emission discussed in sections 4 and 3, the required strong magnetic fields (B > 0.2 µG) and flat spectra, and the shortcomings of radio supernovae and RQ quasars ( § 5.1 and § 5.2), it seems that ordinary galaxies may be more reasonable candidates for production of most of the CRB. Ordinary star forming galaxies are thought to dominate the lowflux population of the resolved radio sources (e.g. Richards 2000) . The radio continua produced in star forming regions are relatively flat, being characterized by the spectral indices close to the one of the CRB α = 0.6 (see Ibar et al. 2009 ). Finally, the expected magnetic fields B 1 µG in star forming regions circumvents the IC problem discussed in § 3.
Constraints from the far-infrared background
The radio emission originating in local star forming regions is observed to be correlated with the far-infrared (FIR) flux (e.g. Dwek & Barker 2002; Ibar et al. 2008 , and references therein), which combined with the observed level of the infrared background, constrains the contribution of these sources to the CRB. Dwek & Barker (2002) give a relation between the 1.4 GHz radio power P1.4 GHz and the FIR luminosity, LF IR , in the wavelength range 10 − 1000 µm, which can be written as Lr ≡ [νP (ν)]1.4GHz ∼ ×10 −6 LF IR. Therefore, if the radio background is produced in the star forming regions of Seyferts, spirals, and ULIRGs, then from a naive application of this ratio one should expect the observed FIR background at the level of
which is higher than that observed (Marsden et al. 2010 ) by a factor of > 10. This is in agreement with Dwek & Barker (2002) result showing that the expected surface brightness of the sky at 178 MHz for different models of the cosmologically evolving star formation rate to be between 3 K and 30 K; about 3 to 30 per cent of the ARCADE result TCRB(178 MHz) ≃ 104 K (Fixsen et al. 2010 ). An alternative way to formulate this problem is as follows. Appleton et al. (2004) find that individual starforming galaxies locally show a ratio between FIR and radio fluxes given by the value q70 ≡ log(S70 µm/S1.4GHz) = 2.15. If we take the observed CRB and assume it is made by star forming galaxies following this ratio, then, ignoring for now any K-correction issues, we predict a FIR surface brightness at 70 µm of 178 nW m −2 sr −1 , which is about 25 times the observed level reported in Dole et al. (2006) . Thus we can conclude that the contribution of systems that obey the local radio FIR correlation to the radio background is on the level of approximately 5 per cent, or, alternately, that the radio background must be made in large part from sources that appear more radio loud than the local radio FIR correlation by a factor of approximately 20.
An evolving radio far-infrared correlation
Since star formation in the Universe has evolved and the rate was much higher at redshifts of 1 and above (e.g., Madau et al. 1998) , the bulk of both the radio and infrared backgrounds are produced at these redshifts. Therefore, an evolution in the observed FIR to radio flux ratio towards greater radio loudness with redshift is necessary to have the radio and FIR backgrounds produced at the observed levels by starforming galaxies.
It is important to note that the ratio of the relative contribution to the FIR background and radio background surface brightnesses from a galaxy (or class of galaxies) located at a particular redshift is given by the non-K-corrected FIR to radio flux ratio, rather than the K-corrected ratio that is often reported for higher redshifts. Relating an observed flux ratio or ratio evolution to a K-corrected one, or vice-versa, is dependent on the source SED assumed, and the wavelengths in question. For observations at 70 µm and 1.4 GHz and a typical starburst galaxy SED, a fixed intrinsic q70 (where qx is the log of the flux ratio at infrared frequency x to 1.4 GHz radio) from a galaxy at z ∼ 2 will show an observed value reduced by ∆q ∼ 0.6 (see example calculations in references below). To explain the observed discrepancy between radio and 70 µm backgrounds shown in §5.3.1, we would need to observe a high redshift evolution of ∆q(observed) ∼ −1.3 or ∆q(intrinsic) ∼ −0.7.
A number of papers have explored the evolution of q with redshift at either MIR, FIR or submm wavelengths. These determinations are complicated by selection effects, and in the case of reports of the K-corrected correlation, template spectra. Although some papers conclude that there is no evidence for a change in intrinsic q (eg Ibar et al. (2008) , Sargent et al. (2010) , Ibar et al. (2008) ) others do find possible evolution in intrinsic q (eg Vlahakis et al. (2007) , Beswick et al. (2008) , Seymour et al. (2009 ), Bourne et al. (2010 ), although it is not clear that this is large enough to explain the radio background. Recent data from the BLAST instrument (Ivison et al. 2010a ) also show the intrinsic correlation evolving, and new results from the Herschel instrument (Ivison et al. 2010b ) are consistent with this as well. The most suitable reported results for comparison are those of Sargent et al. (2010) and Bourne et al. (2010) who use Spitzer 70 µm data and present the evolution in observed q70 versus redshift (Fig 12 in Sargent et al, Fig 9 in Bourne et al). These figures agree in showing that by z ∼ 2 a change of ∆q(observed) ∼ −0.7 is observed, i.e. a factor of 5 decline in the FIR to radio flux ratio. While significant, this is not enough to explain the FIR/radio background discrepancy. However, these figures show considerable scatter, and Sargent et al show that a radio-selected, as opposed to IR-selected, sample shows a systematically lower value, with ∆q(observed) ∼ −0.4. We note again that determinations of the value of the correlation at higher redshifts are complicated by selection biases and contamination by AGN emission.
An evolving radio to FIR luminosity ratio toward the radio loud with increasing redshift would suggest that one or more of the following is true at higher redshifts: 1) a larger portion of the energy of star formation goes into in relativistic particles, for some reason possibly related to a different structure of the interstellar medium shaping the cosmic-ray acceleration efficiency at shocks driven by supernova, 2) a larger portion of the stars are high mass, resulting in more supernovae as well as an enhanced cosmic-ray acceleration at shocks driven by winds from massive stars, 3) synchrotron emissivity is enhanced by higher interstellar magnetic fields, or 4) AGN activity in ordinary galaxies is proportionally more important.
There is no concrete information on item 1, while item 2 requires evolution of the initial mass function, which if true would alter the interpretation of the data on the star formation rate. The third possibility can be neither rejected nor supported by current data.
Here let us only comment on the possibility that the cosmological evolution of supermassive black holes in the galactic centers results in enhanced AGN activity in late-type galaxies at high redshifts, and thus in their enhanced radio emission relative to infrared. Note that in this context that it is now established that a large fraction of nearby spiral galaxies show weak AGN activity (Ho, Filippenko, & Sargent 1997; Ho 2008) . In addition, several authors have argued that supermassive black holes (SMBHs) were spinning more rapidly at early epochs (Wang et al. 2009 ). For spiral-hosted SMBHs the effect may be even stronger than for the elliptical hosted SMBHs that give rise to quasars, due to the different character of the dominant accretion events which determine the black hole spin evolution (see the discussion in Sikora et al. 2007; Volonteri et al. 2007 ). In the framework of the spin paradigm for jet production, critically re-examined recently by Sikora et al. (2007) , one could therefore expect more powerful jets, and therefore more AGN-related radio emission (for the same accretion luminosity) at higher redshifts in these systems.
If the radio background is indeed formed from ∼ 0.1 µJy sources, that corresponds to about ∼ 10 21 W Hz −1 radio (1.4 GHz) luminosity at z = 2, which would be between 10 8 and 10 9 L/L ⊙ at 70 µm with an evolving (K-corected) q70. This infrared luminosity is below the 'knee' of the infrared luminosity function, i.e. the radio background would be made by relatively normal spiral galaxies, in contrast to the infrared background, which appears to be dominated by luminous and ultraluminous IR galaxies (Magnelli et al. 2009 ). We note the difficulty that locally the peak contribution to radio emission is from relatively luminous galaxies with 1.4 GHz radio luminosities of around 10 22 W Hz −1 (Condon, Cotton, & Broderick 2002) , while the peak contribution to the radio background, from galaxies beyond redshift 1, is at 1.4 GHz luminosities of around 10 21 W Hz −1 .
DISCUSSION
We have considered several mechanisms as the origin of the 'missing' radio flux necessary to account for the radio background, assuming it is at the level reported by the ARCADE 2 collaboration. As shown in § 3, diffuse, low surface brightness synchrotron emisssion from large scale structures (IGM, ICM and WHIM), and from our own Galactic halo, is limited by the observed level of the X-ray/γ-ray background. As discussed in § 2.1, radio sources detected in many surveys above 1 mJy at 1.4 GHz contribute a total of 16 per cent of the background, and considerations of possible missed flux from extended sources discussed in § 4 may increase this number by at most a factor of 1.5. The resolved sources with fluxes from below 1 mJy to the current lower limit of interferometric surveys at ∼ 10 µJy contribute another ∼ 10 per cent, leaving between 60 per cent and 75 per cent of the cosmic radio background unaccounted for. We find it difficult to explain the level of the radio background reported by ARCADE 2 without a new population of low flux radio sources. These sources should be numerous and faint enough to dominate source counts below the ∼ 10 µJy limit of current radio surveys and must extend to the ∼ 10 −2 µJy (at 1.4 GHz) level. Moreover, they should have an observed ratio of radio to infrared output a factor of 5 above what is observed in local galaxies. As discussed in § 5.1 and § 5.2, radio supernovae and radio quiet quasars do not seem to produce adequate radio emission to account for the bulk of the background, although the latter class of objects is expected to contribute to the CRB at the level of at least a few percent. We conclude that the for the radio background to be at the level reported by ARCADE 2, it must be largely comprised of emission from ordinary galaxies at z > 1 in which the radio to far-infrared observed flux ratio increases significantly with redshift.
